A filamentous division mutant, PV302, of Baciffus megaterium QMBl551 was isolated while screening for spodation-defective mutants after nitromguanidine mutagenesis. Both phase-contrast and electron microscopy revealed that the mutant produced small spherical cells as well as filaments. It also accumulated large amounts of poly-P-hydroxybutyrate. Poly-P-hydroxybutyrate accounted for 16 % of the dry weight of the mutant strain even after 28 h growth. In comparison to the parental strain, the division mutant also showed both an inability to sporulate and a reduced growth rate. All these phenotypes transduced together. Revertants gained the ability to spodate, divide, and grow normally. Transductional mapping of the mutation, designated div-I, established a new linkage group for B. meguferium consisting of and the pyrimidine biosynthesis genespyrDBCF. The spherical cells were separated from filaments by sucrose gradients and were tested for nucleic acid content and viability. The purified spherical cell fraction contained one-fifth the amount of DNA per mg protein as compared with the filamentous cell fraction and was shown to contain both non-viable minicells and some cells capable of growing after a lag of about 4 h. This suggests that the mutation not only causes defects in septum placement and spodation, but may possibly d e c t DNA partitioning.
Introduction
Bacterial cell division is a genetically regulated process that results in the partitioning of a cell by the formation of an equatorial septum. The understanding of this process has largely relied upon the isolation and characterization of several classes of mutations that alter the normal completion of division (for reviews see Donachie et al., 1984; Donachie & Robinson, 1987; Mendelson, 1982) . One class includes mutations which lead to the asymmetric location of cell division near cell pole regions, resulting in minicells (Adler et al., 1967; Reeve et al., 1973) . Such division-site-location mutants have been studied in both Bacillus subtilis and Escherichia coli, and different genes responsible for minicell production have been mapped (Bachmann, 1983; Reeve et al., 1973; Reeve, 1979; Van Alstyne & Simon, 1971 ) and have been very useful in studying plasmid-coded proteins (Dougan & Kehoe, 1984; Shivakumar et al., 1979) . In addition, a number of minicell-producing mutants of Present address: Ecogen, Inc., Langhorne, PA 19047, USA.
Abbreviations : DPA, dipicolinic acid : PHB, poly-/I-hydroxybutyrate. other species have been reported (Forsberg et al., 1970; Setlow et al., 1973; Voros & Goodman, 1965) .
In the genus Bacillus, the question of how the genetic control of cell division is related to the process of sporulation remains for the most part unanswered. Sporulation requires a shift from symmetric to asymmetric division. Hitchins & Sadoff (1974) proposed that the asymmetric division made during sporulation is a modified cell division. In support of this view, temperature-sensitive division mutants have been described that fail to initiate cell division and sporulation at the restrictive temperature while normal division and sporulation occur at the permissive temperature (Hitchins & Sadoff, 1974; Miyakawa & Komano, 1981 ; Sadie & Kada, 1985) , implying some linkage between the two processes.
In this communication, we describe the isolation and properties of a sporulation-defective, filamentous-and spherical-cell-producing division mutant of Bacillus megaterium QM B155 1. Since B. megaterium is proving very useful as a host for cloning foreign DNA (Vary & Tao, 1988) , a minicell mutant would be advantageous in this species. However, we have found that this mutant produces spherical cells which are comprised of both minicells lacking DNA and cells that contain DNA. ' strains used in this study are derivatives of strain QM B155 1 and are listed in Table 1 . Growth conditions, media, and transduction procedures have been described previously (English & Vary, 1986) . Minimal glucose salts media (MC, MCT) and supplemented nutrient broth (SNB) were as described except that minimal medium also contained 6 g KH2FQ4 per litre. For viability studies of the division (Div) mutant, a modified hypertonic RHAF medium (M-RHAF) of Von Tersch & Carlton (1983) was used in which the sucrose was decreased to 4.5% (w/v). For ~nsductionalmapping-the filamentous Div-phenatygewas screened by picking purified transductants to 0.2ml SNB in S w e l l tissueculture plates, and clones were scored after 6-8 h incubation at 30 "C using an American Optical Biostar inverted microscope at a magnification of 450 x .
Microscopy. All phase-contrast photomicrographs were taken using a Zeiss Standard microscope with Polaroid camera attachment and 665 P/N Poiaroid film. Staining of poly-#?-hydroxybutyrate (PHB) inchsions was done with 0.25% Sudan black B in ethylene glycol. CuItures were grown on SNB agar in a depression slide covered with a coverslip (Reeve et al., 1973) and incubated in moist chambers at 30 "C.
Cell counts, made in a Petroff-Hausser counting chamber, were either of spherical (minicells and coccoid) cells or of filaments. The total cell count included all non-spherical cells (smaller than normal cells, normal cells and long filaments). The majority (>!?I%) of the non-spherical cells in the filamentous cell preparation were a few €0 several times larger than normal cells. No septa were seen in any of the non-spherical cells except at the point of spherical or minicell attachment. They have therefore been termed 'filaments'. Each filament was counted as one cell.
For electron microscopy, 25 ml cultures were harvested at an OD660 of 0-6-1-0 (2-5 x lo-' c.f.u. ml-I) by centrifugation at 1480g for 10 min at 4 'C. Cell pellets were then resuspended in 0-1 M-sodium cacodylate buffer (PH 7-4), distributed to 1 ml polypropylene Eppendorf tubes and washed by centrifugation for 15s at 4°C in an Eppendorf Microfuge. The supernatant was then removed and the cell pellets were fixed simultaneously by resuspension in a mixture of 2-5 % (v/v) glutaraldehyde in 0.1 M-sodium cacodylate buffer (pH 7.4), 2% (w/v) aqueous OsO,, and 0-2 M-sodium cacodylate buffer (1 : 1 : 1, by vol.) for 4 h at 4 "C (Hirsh & Fedorko, 1968) . Cells were then washed three times in 0.1 M-sodium cacodylate buffer before being passed through a graded series of 10, 30, 50, 70, 90, 95 and 100% ethanol, ethanol/acetone (1 : 1, v/v), and finally pure acetone. Embedding was done in Mollenhauer Epon Araldite resin and polymerization was at 60 "C for 48 h (Mollenhauer, 1963) . Thin sections were made with an LKB-Huxley mark 2 ultramicrotome using glass knives (LKB KnifeMaker) and were picked up on 400-mesh copper grids. Grids were strained with 2% (w/v) uranyl acetate for 10min and counterstained with 0.2% (w/v) lead citrate for 30 min. The grids were viewed using an Hitachi HS-9 transmission electron microscope operated at 75 kV.
Mutant isolation. The filamentous and sporulation-defective phenotype of PV302 was discovered during selection and screening for sporulation-defective mutants. The parental strain, JV42, was grown to an OD66o of 1.0 in SNB, mutagenized with N-methyl-N'-nitro-Nnitrosoguanidine (75 pg ml-* for 1 h), diluted in minimal medium and plated for single colonies on SNB agar. The plates were incubated at 25 "C for 5 d to allow sporulation. Replica SNB plates were then made. One plate was heated at 80 "C for 20 min to kill vegetative cells, while the other plate was untreated. Both replicates were then incubated at 30 "C for 48 h. Colonies appearing only on the unheated plates were purified on SNB and examined microscopically after an additional heat , selection and replica plating.
~~

Strain
Genotype 7 7p-, devoid of all' seven resident plasmids.
Three spontaneous revertants for the Div-phenotype were isolated independently by differences in colony morphology on SNB plates or by monitoring broth cultures microscopically. Div-strains became translucent because of lysis after 48 h on SNB, whereas revertants and the parental strain did not.
Mutant characterization.
PHB was determined by removing samples (25 or 50 ml) from 800 ml cultures grown in SNB at 30 "C in 2.8 1 Fernbach flasks at 350 r.p.m. at the indicated times and centrifuging at 4340 g for 10 min at 4 "C. Cell pellets were frozen at -70 "C and lyophilized. Dry weight determinations (mg cells per ml culture) were made to the nearest 0.1 mg. Cell suspensions of 1 mg ml-I were made in distilled water, and 0.2 ml samples were extracted and assayed for PHB by a disk assay modification (Ward & Dawes, 1973) of the method of LAW & , which measures the conversion of PHB to crotonic acid. PHB was used as a standard. Dipicolinic acid (DPA) was measured colorimetrically by the. method of Janssen et al. (1958) as modified by Rotman & Fields (1968), using dipicolinic acid as a standard.
Isolation of minicells.
A modification of the method of Reeve et al. (1973) was used. Cells were grown in modified RHAF broth with shaking (250 r.p.m.) to an OD660 of 0.8-1.0. The culture was chilled on ice and centrifuged in a Sorvall RC5B centrifuge at 367g at 4 "C for 5 min. The pellet, which contained filaments and normal cells, was saved for a subsequent sucrose gradient as described for spherical cells below. The supernatant was removed carefully and centrifuged at 4080g for 8 min. This pellet, enriched in spherical cells, was resuspended in MCT and 2-3 ml samples were layered on a 35 ml, 5-35 % sucrose gradient and centrifuged at 1600 g at 4 "C in an IEC tabletop centrifuge equipped with a swinging-bucket rotor. A very diffuse band in the middle part of the tube could be visualized by holding the tube against a fluorescent light in a dark-room. When examined under the phase-contrast microscope, this band contained spherical cells and some contaminating filaments. The pellet at the bottom contained only filamentous cells. The large diffuse band was harvested and pelleted by centrifugation at 13 2 18 g for 15 min and the cells were washed once with MCT. A 2ml sample was again layered on a 5-35% sucrose gradient and centrifuged as before. A sharper band was obtained in the middle of the tube. This band was harvested, pelkted, and mbjected to two more sucrose-gradient centrifugations to obtain spherical cells Division mutant of B. megaterium 547 virtually free of any detectable contaminating filamentous cells for viability studies, or it was washed three times with 0-85 % saline and the cells (containing < 1 % filaments) were used in the DNA, RNA and protein assays. The filamentous cell pellet was passed through a single sucrose-gradient centrifugation and was washed three times either with MCT for viability studies or with 0.85% saline for DNA, RNA and protein assays.
Determination of viability, andof DNA, RNA andprotein. The purified spherical cells and filamentous cells were inoculated into 20-U)ml prewarmed M-RHAF broth to an OD, , of 0.1-02. Cultures were incubated at 37°C with shaking at 250r.p.m. and OD66o was monitored. At indicated times, 0.5 ml of each culture was removed and used both for microscopic total cell counts and for assay of viability, which was done by plating appropriate dilutions on SNB plates. Total cell counts were obtained by counting a lOpl sample from an appropriate dilution in a Petroff-Hausser counting chamber according to the manufacturer's instructions. Preparation of cells for DNA, RNA and protein assays was as described by Reeve et d. (1973) . DNA was assayed by the Schneider (1957) variation of the diphenylamine reaction using calf thymus DNA as the standard. Protein was assayed by the Lowry method, using bovine serum albumin as the standard. RNA was assayed by the orcinol procedure of Schneider (1957) with yeast tRNA as the standard. Giemsa staining of whok cells for DNA was done by the method of Murray et al. (19%) with the exception that the cells were first heat-fixed on slides.
Characterization of pyrimidine mutants. Uracil-requiring straim were grown on SNB agar plates overnight at 30°C and replica plated to minimal salts agar with and without the following concentrations of intermediates : uracil, uridine 5'-monophosphate, a as par tic acid or carbamoyl phosphate (50 pg ml-l); orotic acid (120 pg ml-'1; orotidine 5'-monophosphate (250 pg ml-l), L-dihydroorotic acid (300 pg ml-l) or carbamyl-DL-aspartic acid (350 pg ml-').
Chemicals. All chemicals were obtained from Sigma unless otherwise indicated.
Results
Isolation and characterization of the division mutant
Approximately 1 OOO colonies were screened for asporogeny by heat sensitivity following mutagensis as described in Methods. After purification, six mutants were obtained that failed to form heat-resistant colonies after 48 h growth on SNB plates. One of these putative sporulation mutants, PV302, was characterized further because of its filamentous growth and other interesting properties.
The rate of growth exhibited by PV302, determined by increase in dry weight, was compared to the parental strain JV42. Generation times of 85 and 56min were obtained for the mutant and the parental strain, respectively. Generation times of 58 and 90min were obtained, based on increase in OD660, for JV42 and PV302 respectively in M-RHAF broth (data not shown). Thus the parental strain grows faster than the mutant in either medium.
Phase-contrast microscopy of PV302 revealed various morphological differences from the parental strain, including filamentous growth and abnormal septation, and the accumulation of large PHB inclusions during growth of the mutant strain. Mutant cells, ranging from 30 to 100 pm in length, were often observed to have spherical 'minicells' usually located at polar regions o f the filament (Fig. 1 a) . Div-transductants also displayed a filamentous, 'minicell'-forming phenotype (Fig. 1 c) and were also defective in sporulation and accumuIated PHB. Three independently isolated Div-revertants, detected by colony morphology, exhibited wild-type morphology (Fig. Id) , growth and sporulation.
Transmission electron micrographs of thin sections of midexponential-phase cells revealed that the placement of septa in PV302 was irregular in comparison with the parental strain. Asymmetric septa resulted in the formation of srnali, spherical cells (Fig. 2 b, c) . Abnormal accumulation of electrondense cell wall material wits also noticeable at some sites of septum formation (Fig.   2c );. Spherical cells were sometimes observed in tandem (not shown). Only symmetric septa1 placement was seen in the parental culture sample ( Fig. 2a ).
As mentioned above, PV302 also accumulated nmerous large PHB inclusions throughout growth. During exponential growth of wild-type cells, small PHB inclusions were evident (see Fig. 2a ), but these became smaller and less noticeable after the onset of sporulation. In contrast, the inclusions were very evident in electron micrographs of the mutant cells (Fig. 2b, c) and were visualized by light microscopy as phase-bright or Sudanblack-staining bodies (Fig. 1 e,f) . Accumulation of PHB and the asprogeny of the mutant strain were measured quantitatively by growing both mutant and parental cultures in SNB and assaying for PHB and the sporespecific compound DPA as described in Methods. The results (Fig. 3) indicated that after 28 h growth the mutant strain contained up to 260 pg PHB ml-* (16% of dry weight) and only minimal levels of DPA. In contrast, the amount of PHB decreased from 235 pg ml-' at 6 h (1 8 % of dry weight) to nondetectable levels at 28 h in the parental strain, while the cellular DPA level increased as spores were formed.
Transductional mapping
In order to map the mutation responsible for the Divphenotype, several available auxotrophic mutants wereused as recipients in two-factor crosses with phage MP 13 lysates of the div-1 mutant. Several previously uncharacterized uracil-requiring mutants from our laboratory stock collection were grown on intermediates of pyrimidine biosynthesis to tentatively assign the specific pyr gene defects of these mutants according to the scheme of Potvin et al. (1975) , as shown in Table 2 . Other auxotrophic mutations known to be linked to division site loci in B. subtilis were also tested for cotransduction linked topyr loci, as shown in Table 3 . Based on these data, the tentative order is : div-I-pyrD24-(pyrB23-pyrCZl)-( p~~F25-pyrF26).
Isolation and viability of spherical cells
In preliminary experiments, an increase in viable cells in the spherical cell fraction was observed after a long lag time. A solution to three problems had to be found before accurate viability and DNA determinations could be made. First, since PV302 also contained the seven resident plasmids of B. megaterium QM B1551, it was necessary to transfer the div-l mutation by cotransduction into a pyr mutant of the plasmidless strain PV361 (Sussman et al., 1989) in order to ascertain whether or not the spherical cells were true non-viable minicells devoid of DNA. Second, both filaments and spherical cells with the div-2 mutation. No cotransduction was found when PV5, PV43, PV61, PV87, PV167, PV236 and JVlOl were used as recipients. The div-2 locus was therefore not linked to ZeuC, nic-2, cysB or cysC, but was exhibited greatly decreased viability when grown in SNB broth and plated on SNB agar (as much as difference between microscopic total cell counts and viable counts), which made it impossible to get a true determination of viability from either fraction. However, the growth of the filamentous or spherical cell fraction in M-RHAF broth and subsequent plating on SNB agar was found to give efficiencies of plating of 10% (total cell count/viable cell count), so this procedure was used for viability experiments. Thus, it appears that the cells might have continually died during growth in SNB broth so that subsequent plating on SNB agar produced poor viable counts. On the other hand, when grown in M-RHAF broth, the cells appeared healthy and produced higher viable counts when plated on SNB agar. A third difficulty was that the spherical cell fractions were found to have 3-9% contaminating filaments after one sucrose gradient. Four sucrose gradients decreased the filaments to undetectable amounts microscopically (Fig. 4a ). Using this fraction as inoculum, cells were grown in M-RHAF broth and sampled at designated intervals for total and viable numbers of minicells and Mamentous cells. The filamentous cell fraction was always run as a control. The data in Fig. 5 show that filaments did appear among the spherical cells and increased after a lag of about 4 h. The increase in filaments paralleled the increase in viability, while the number of minicells stayed constant (as determined by microscopic counts). Fig. 4(b) shows the spherical cell fraction after 7 h incubation: many filaments are present. The fast doubling times (about 18 min) observed in the filamentous and spherical cell fraction cannot be assumed as true doubling times, due to the filamentous nature of the strain. Since growing PV302 cultures exhi bit spherical, non-spherical, and filamentous cells of variable length, and these cells in turn form chains of variable length, it is possible that the fast doubling times observed are due to the fragmentation of chains of cells into individual cells.
Presence of nucleic acids in spherical cell fractions
Purified fractions of spherical cells, containing < 0.8 % filaments after two sucrose gradients, and filamentous cell fractions free of spherical cells were used to assay for RNA, DNA and protein. Table 4 shows results of a typical experiment. The spherical cells contained about the same amount of RNA as the filaments, but also significant amounts of DNA. The amount of DNA per mg protein in the spherical cell fraction was approximately 20% of that in the filament fraction. Further verification that DNA was present in the spherical cells was made by staining with Giemsa stain as shown in Fig.  4(c) . Cells with and without DNA were observed as well as some that seemed to have variable amounts.
Discussion
A division mutant of B. megaterium QM B 155 1 has been isolated that exhibits pleiotropic effects including inability to sporulate, accumulation of PHB, slow growth, and formation of both filaments and spherical cells. The division defect seems to be in the placement of the cell septum, rather than initiation of septum formation, since most spherical cells were observed at the ends of filaments, but some were found in tandem and between filamentous cells. A defect in positioning of cell septa is consistent with the morphology reported by Reeve et al. (1973) divZVA (Mendelson, 1982; Reeve et al., 1973; Van Alstyne & Simon, 1971 ). In B. subtdis, the divlmutation, which causes a defect in initiation of septum formation (no septa can be Seen by electron microscopy) (Mendelson, 1982) is also present near pyr. However, the morphology, growth characteristics and chromosomal location of the div-I mutation of B. megaterium resemble the phenotype and position of the divZVA locus of B. subtilis with the exception that the div-l defect gives rise to both minicells and coccoid, or DNA-containing cells. Genetic position as a verification of a mutant gene must be used with caution since several differences in gene positions have been observed between B. megaterium and B. subtilis (Garbe et af., 1984; Sussman et al., 1989) . It cannot be stated at this time whether div-I is the equivalent of divIVA. It should also be noted that until now, B. subtilis had been the only bacterium reported to have the pyr loci clustered (Potvin et af., 1975 (Coyne & Mendelson, 1974) , in contrast to both the B. megaterium div-1 mutant reported here and the TH14 mutant isolated by Hitchins & Slepecky (1969) . Either different loci are involved, or the two species exhibit differences in regulation of sporulation, of which we have some recent evidence (Shivakumar et al., 1989) . The pleiotropic effects of the div-1 mutation, including PHB accumulation, Spo-phenotype, minicell formation, and slow growth, have all been observed in transductants. This observation, with the further evidence that spontaneous revertants were Div+, Spo+, and normal in PHB production, strongly suggests that the defect in positioning of septa due to the div-1 mutation caused all the phenotypes observed. It also supports the observations of Hitchins & Slepecky (1969) that division and sporulation are linked in Bacillus spp.
The accumulation of PHB in the div-1 mutant of B. megaterium may be a direct result of the inability to sporulate, since PHB has been reported to be the energy source used in this species for sporulation . The pattern of PHB production in the parent JV42, in which PHB decreases during sporulation, supports this conclusion. Under our conditions of growth, a maximal PHB level of 18 % was reached in the parental strain on SNB, whereas PHB was still increasing in the mutant at 28 h. Macrae & Wilkinson (1958) reported that PHB levels of up to 2040% of cell dry weight could be obtained in B. megaterium grown on acetate.
Minicell-producing strains of E. coli and B. subtilis have proven useful in the analysis of proteins produced by plasmids and bacteriophages because minicells are devoid of chromosomal DNA. However, the seven resident plasmids of B. megateriurn (Kieselburg et al., 1984) precluded the use of PV302 for studies on DNA content of the spherical cells because plasmids have been shown to segregate preferentially into minicells in B. subtilis (Shivakumar et al., 1979) . We therefore transduced the mutation into a plasmidless strain, then separated the cell types on sucrose gradients and tested their viability, and DNA, RNA and protein content. It became evident that even in highly purified fractions, there were viable cells present that contained DNA and were capable of producing filamentous cells. This mutation, therefore, produces both minicells (devoid of all DNA) and coccoid cells (containing DNA), and these could not be separated after four sucrose gradients. The fraction of viable cells was very low since it did not increase at the expense of total minicell counts. However, minicells were also being produced during growth of the filaments, so accurate measurement of 'old' vs 'new' minicells could not be made. The presence in the spherical cell fraction of at least one-fifth the amount of DNA (when no detectable filaments were present) as compared with the filamentous fraction, the long lag time before any detectable filaments could be observed in the spherical cell fraction upon incubation, and staining that showed cells which seemed to have variable amounts of DNA, suggest that many of the spherical cells containing DNA may be non-viable. The div-I mutation may, therefore, affect both the placement of septa and the partitioning of DNA, which should be very interesting for future study. Recent work in cell division is very interesting. Donachie & Robinson (1987) have summarized the evidence that shows that coupling of DNA replication with cell division is mediated by the SOS response in E. coli. B. subtilis (and so probably B.  megaterium) has a similar SOS response (Love & Yasbin, 1986) . Moreover, Mulder & Woldringh (1 989) have recently shown in E. coli that nucleoid replication influences septum placement in filamentous cells that produce DNA-free progeny. Research on the genetics of division in Bacillus is obviously in its infancy, but it holds promise for understanding the complex genetics of division in the Gram-positive bacteria. This mutant is the first reported in B. megaterium to be defective in septum placement, and its phenotype suggests possible linkages of septum placement to DNA partitioning and sporulat ion.
